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[57] ABSTRACT

A digital delay circuit that can be readily impiemented
in an integrated circuit is disclosed. The circuit includes
a reference clock and two or more arrays of controlled

delay elements. The reference clock is passed through
one array of delay elements and the thus-delayed clock

is compared to an undelayed clock in a phase detector
or comparator the output of which is a control voltage.

3,737,673  6/1973 SUZUKI .cocoonsnnrersnsresnssressannncs 307/452  The latter is applied to the control inputs of each of the
3,855,549 12/1974 Huener. =1 A | I 307/451 delay elements. The controlled delay elements may be
3,914,702 10/1975 Gel_'lwcller ........................... 307/451 in the form of buffers in which the delay is variable and
4,532,439 7/1985 KOIKE ..covvecrvrrnnnninrenisccnneraens 307/450 controlled bv the level of th trol input
4,700,089 10/1987 Fujii €t al. ..ceceverrerreesrrrereens 307/605 ~ controlied by the ievel ol the control input.
4,771,196 9/1988 Mead et al. ....coovreevnerencannaen 307/605 .
4,837,466 6/1989 Kanauchi .....c.cccrersurinnee 307/60 M 4 Claims, 3 Drawing Sheets
U N—— U —
oW TROLLED CONTRALED QWIRALED
SIGHMIN Sl ELAY ag |ty FELE S SLar T S/GAAL OUT
CONTRIK T CONTROL
70 OTHER STAGES
i
CONTRKLED CONIRHULED
¥ GELAY KTV e\N pElAy AT
ELEMENT ELEMENT
Ly | Nt
e e — —
N
AEFERNMCE]
o=
0
0/1/ 724 74 Vad vad
L T L2/ ﬁ Vere Ve 3 Ver @¥7]
aur
L 47 . &

WA]AGE CONTARK
GENERATION SECTION

78

OELAY STAGES SECTION L2



— I > & o
. U/ fet— _
MUIFL FT _
Lo . o/ | _ \,G%Nue

KHII FSYHS 4,5, TINFH7A 7!

75 1 74
% _ N _ S/ _ 474
o - | _ .
= Y .\\m.w\\_@ww _ x&.ﬂﬁ% 75 k?u“%mw
00 AV7 YV IR Y 272 s 0 AVIIO N
m TZAVIIO ¥ 37 705IMID | a77708iNo0 377 704INOD
: 70MUNOD 70MINO2 705UNO2
—
R
Yt CF79V/S HIHLO Of
/0.,, |
: wey - zyy 7
- T0MUIMID | 700ame0
210 TENVOS 190 INVNTTT ye o o a0 VT TT NI TIVOLS

AV 777 . AV 777 _
A7 7D0MUINCD a3 770LNOD OF770MLNOD

U.S. Patent




4,899,071

Sheet 2 of 3

SY Y+

Feb. 6, 1990

U.S. Patent

99 eunvo - MINOD
L0 7WVO/E W 70 M V0 Ja914 N

294

29/

T |
| _ Nu._ 2

. o0y

70X5UNOD

0 F0M N}

St 06 +
N0 7UNO/S

077
YEINZH 7D

2y

- NT 70/



Sheet 30f3 4,899,071

Feb. 6, 199

U.S. Patent

ANo

Vo
¢
. % )
A

€ Ol

E NOUITE S7OVUS AV

&“

" U T UM % " U

\_&

OF .
NNLIZS NOLLY AN
FUNTD F26L 70N

79/ \.% 1Y)
P



4,899,071

1.
ACTIVE DELAY LINE CIRCUIT

BACKGROUND OF THE INVENTION
The present invention relates generally to integrated

5

circuits, and more particularly to a digital delay circuit

capable of being implemented in an integrated circuit.

Delay lines are commonly used in a wide variety of

electronic circuits, such as tuning circuits, that are sensi-
tive to speciﬁc delays. The function of a delay line in
these circuits is to delay an input digital signal by a
specific predetermined amount of time. For example,
hard disc data separators typically employ delay lines
composed of precision LC networks and buffers to
produce delays of 30 ns, 40 ns, and 50 ns.

The major drawback of the presently available digital
delay lines is their requirement for precision compo-
nents and inductors, which are relatively expensive and
subject to variations in temperature and voltage. More-
over, it is not practical to incorporate these conven-
tional delay lines into an integrated circuit irrespective
of the technology used to fabricate the circuit.

SUMMARY OF THE INVENTION

It is accordingly an object of the invention to provide
a preclse delay element that does not require the use of
premsmn components and inductances.

It is a further object of the invention to provide a
premse digital delay element, which is self-compensat-
ing for temperature and voltage variations.

It is a further object of the invention to pmwde a
precise digital delay element that can be readily incor-
porated into an integrated circuit.

It is yet another object of the invention to provide an
active delay line that can be incorporated into an inte-
grated circuit thereby eliminating pins on the device, as
well as the need for an external active delay line.

To these ends, the circuit includes a reference clock
and two arrays of M and N controlled delay elements.
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clock 10 having a known and accurately controlled
frequency, e.g., 2.0 mHz. The output of reference clock
10 is applied to one input of a phase detector 12 and to
an input of a voltage controlled delay element 14y, the
output of which is applied to an input of a second volt-
age controlled delay element 14,. A plurality N of such
voltage controlled delay elements, the last being desig-
nated 14y, are connected in series or cascade with the
output of the preceding element being applied to the
input of the immediately succeeding delay element. The
output of the last of the N voltage controlled delay
elements, which is a delayed clock signal, is applied to.
a second or delayed input of phase detector 12.

As described in greater detail in a following section of
this specification, each of the voltage controlled delay

‘elements 14 includes a plurality of series-connected

buffers that introduce a delay between its input and -
output. That delay is variable and is controlled by the
level of the control signal that is applied to the control
input terminal of the delay element. The delay intro-

 duced to the input digital signal by the delay element
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The reference clock is passed through one array of 40

delay elements and the thus-delayed clock is compared
to an undelayed clock in a phase detector or compara-
tor the output of which is a control voltage. The latter
is applied to the control inputs of each of the delay
elements. The controlled delay elements may be in the
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form of buffers in which the delay is variable and con-

trolled by a control input.

BRIEF DESCRIPTION OF THE DRAWINGS

To the accomplishment of the above and such further
objects as may hereinafter appear, the present invention
relates to a digital delay line substantially as defined in
the appended claims and as described in the following
speciﬁcation considered with the accompanying draw-
ings in which:

FIG. 1 is a schematic block dlagram of a digital delay
line in accordance with one embodiment of the present
invention;

FIG. 2 is a more detailed block diagram of the delay

line of FIG. 1; and
FIG. 3 is a schematic diagram of one of the con-

trolled delay elements of the delay line of FIGS. 1 and
2.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 illustrates an embodiment of the present in-
vention in schematic form, which includes a reference
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between its input to its output is inversely proportional
to the control voltage applied to its control input.

Referring again to FIG. 1, the input signal to which a
delay is to be introduced is applied to the input of a
voltage controlled delay element 161, the output of
which is applied to an additional voltage controlled
delay element 16;. Delay elements 161 and 16; are con-
nected to form a second array of a plurality M of series-
connected voltage controlled delay elements 16; and
165¢. The output of the final element 1637 in this series-
connected array is an output signal which is delayed
from the input, Signal In, by a controlled, predeter-
mined time. The individual delay elements 14, 16 in the
delay line of FIG. 1, as well as that in FIG. 2, are sub-
stantially identical to one another.

The control signal applied to the control input of the
controlled delay elements 14, 16 to control the delays 1s
observed at the output of phase detector 12, which
senses the phase delay between the clock signal delayed
in delay elements 141-14 and the undelayed reference
clock signal. If the phase between the delayed clock and
undelayed reference clock is below a preset amount the
level of the control voltage at the output of phase detec-
tor 12 is changed so as to increase the delay in each of
the controlled delay elements 14 and 16. Conversely, if
the phase delay between the delayed clock and refer-
ence clock is greater than a preset amount, the level of
the control signal is changed to decrease the delay in
each of the voltage controlled delay elements 14, 16.
Since, as noted, the voltage controlled delay elements
14, 16 are substantially identical, the delay through each
of these elements is also identical when the same control -

signal is applied to each.
In the circuit of FIG. 1, the delay through each con-

trolled delay element 14, 16 is:

phase angle’ (1)

Element Delay = 360° X frefelock X IV

The delay from Signal In to Signal Out is: (2)

M X phase angle’

Signal Delay = M X Element Delay = 360° X frefolock X N
refcioc

In the above Equations (1) and (2), the phase angle is
that at which the phase detector 12 triggers. From a

consideration of Equations (1) and (2), it can be seen
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~ that it is possible to derive a signal delay that is any

integral multiple and/or division of the reference clock

frequency by the use of an integral number of con-
trolled delay elements 14, 16 in the series-connected
lines or stages N and M, respectively. If desired, addi-
tional signal delay lines or stages of series-connected

voltage controlled delay elements, with a different num-

ber M of elements in each stage, may be operated by the
control signal produced by the phase detector 12, so as
to provide different integral multiples of the individual
- element delay times, as indicated in F1G. 1.

A practical implementation of the circuit of FIG. 11s
illustrated in FIG. 2 for purposes of example and expla-
nation. In the circuit of FIG. 2, the 2.0 mHz input refer-
ence clock is passed though a divide-by-two circuit 18

to provide a signal at a frequency of 1.0 mHz and hav--

ing a 50 percent duty cycle reference clock that is
needed for the phase detector. One of the outputs of
circuit 18 is inverted to provide a true and complemen-
tary reference clock signal, which are respectively ap-
plied to the inputs of voltage-controlled delay elements
20 and 22. The reference clock and its complement are
applied through a low-pass filter comprising NAND
gates 24 and 26 and RC circuits 28 and 30, respectively.
The RC networks 28 and 30 are respectively connected
to the positive and negative inputs of a comparator or
differential amplifier 32 via a Higher line 34 and

Lower line 36. |

The delay circuit of FIG. 2 includes five voltage-con-
trolled delay elements 141 to 14s, the first of which
receives the reference clock at its input from the output
of delay element 20. The output of the last of series-con-
nected elements 14, is applied to the remaining inputs of
NAND gates 24 and 26. In the circuit of FIG. 2, the
factor N in equation (1) and (2) is 5.

The input signal to the circuit, Signal In is applied to
a first series-connected two-element stage consisting of
voltage controlled elements 16a and 165, as well as to a
second delay stage consisting of a single voltage con-
trolled delay element 16¢c. Each of the voltage-con-
trolled delay elements 14, 16, 20, 22, 24, and 26 receive
the control voltage output from the phase detector 12 at
its respective control input. The circuit of FIG. 2 has
two delay stages in which M is equal to 1 and 2.

The circuit of FIG. 2 uses a 90° phase shift detection
- and a voltage control that is inversely proportional to
delay. With reference to Equation (1) above, with
N=35, phase angle=90°, and f clock=1 mHz, the ele-
ment delay is 50 ns. Thus, the delay stage in which N=1
provides a signal delay of 50 ns, whereas the delay stage
in which M =2 provides a signal delay of 100 ns.

As noted previously, the phase detection i1s low-pass
filtered by means of the RC networks 28 and 30 at the
output of the NAND gates 24 and 26, respectively.
‘When the average voltages on lines 34 and 36 are nearly
equal, the circuit is stable. As the delay through the N
delay elements 14 is less than 250 ns, the duty cycle on
line 34 will increase, and the control voltage control of
the output of comparator 32 will decrease, thereby
increasing the delay in each of the voltage-controlled
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ment which, in addition to its use a delay line, as in
FIGS. 1 and 2, can also be used to advantage in place of
conventional inverter string delays and selected tap
point delay circuits. The circuit of FIG. 3 has a particu-
lar advantage over inverter strings since the latter re-
quire a control voltage source that is high-current and
very well regulated. Moreover, in the conventional
inverter string, when the control voltage is reduced, the -
output voltage trip level is also lowered. This distorts
the duty cycle of the output and creates level shifting
difficulties when the circuit is interfaced with other
circuits. The input switch level is similarly adversely
affected. In the circuit of FIG. 3, these drawbacks are
avoided primarily because the control voltage does not
directly power any buffer. In addition, in the circuit of
FIG. 3, the output voltage is at full supply levels and the
input trip levels are at the center of the supply levels
regardless of the level of the control voltage.

Referring now to FIG. 3, the digital delay element
therein schematically illustrated includes a control volt-
age generation stage 40, and a series of delay stages 42.
The control voltage CTL is applied to the gate of a
P-type MOS device Q1, whose source is connected to
the drain and to the gate of an N-type MOS device Q2
by a VGN line. The drain of device Q1 is connected to
Vdd whereas the source of device Q2 is connected to
ground. Devices Q1 and Q2 constitute a current mirror
which provides the same currents to the P-type and
N-type current limiting devices Q3 and Q4 in the delay
stages that follow so as to avoid distortion of the edge.
To that end, the ratio of the sizes of the P-type and
N-type devices in the current mirror in control voltage
generation stage 40 must be the same as the size ratios of
the P and N devices in the delay stages 42.

The delay stage section 42 consists of a series of
CMOS inverters 46 in series connection with the cur-
rent limiting devices Q3 and Q4 between Vdd and

ground. The initial inverter stage receives the input

signal IN at its gate and the output of each inverter is
applied to the gate of the succeeding inverter. The gates
of the P-type and N-type current-limiting devices Q3
and Q4 are controlled respectively by the VGP and

- VGN control voltages from control section 40.

45

50

55

60

delay elements. Conversely, if the delay in the N delay

elements increases, the level of the control voltage will
increase, thereby decreasing the delay provided by the
delay elements. |

FIG. 3 illustrates a circuit that has been found to be
advantageous for use as a voltage-controlled delay ele-
- ment 14, 16 in the delay circuits of FIGS. 1 and 2. The
circuit shown in FIG. 3 is a CMOS digital delay ele-

65

In the operation of the circuit of FIG. 3, a voltage is
applied to VGP. Lower voltages allow the P-type cur-
rent limiting devices in the delay stage and voltage
generation sections Q1, Q3 to deliver more current.
This current limit is mirrored onto the VGN line via the
voltage generation section. This causes the N-type de-
vices Q2, Q4 to limit the current to ground in the same
amount as the P-type devices Q1, Q3 limit the current to
Vdd. This symmetry reduces duty cycle distortion and
keeps the voltage trip point of each delay stage at the
same point as for other logic with the same ratio be-
tween the P and N-type devices. The rise and fall times
are determined by the current delivered by the limiting
devices into the nodal capacitance being driven (the on
resistance of the signal devices in each stage also con-
tributes to the delay to a varying degree). Minimum and
maximum input switching times and delay error toler-
ance will determine the sizes of the delay line devices.
The delay required along with specific characteristics
of the process will determine the number of delay stages
needed. | |

It will be appreciated that the present invention pro-
vides an improved digital delay line. It will be also
appreciated that modifications may be made to the em-
bodiments of the invention specifically described here-
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inabove without necessarily departing from the spirit

and scope of the invention.

What is claimed is:

1. A digital delay circuit comprising a first and a
second array of an integral number N and M of series-
connected controllable delay elements, respectfully,
each of said delay elements being characterized in that
the delay established between its input and output is
controlled by a control signal applied to a control input
thereat, a source of a reference clock, means for delay-
ing said reference clock through one of said first and

D
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second arrays of delay elements, thereby to establish a

delayed reference clock, means coupled to said clock
source and to said first array of delay elements for com-
paring said reference clock and said delayed reference

15

clock to produce a control signal representative of the

comparison between said reference clock and said de-

layed reference clock, and means for applying said con-
trol signal to the control input of each of said controlla-
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ble delay elements, thereby to vary the delay intro-
duced by each of said delay elements to an input signal.

2. The digital delay circuit of claim 1, in which each
of said delay elements comprises an input voltage con-
trol section receiving the control signal and producing
first and second control voltages, a plurality of series-

‘connected CMOS inverters the input of the first of said

inverters receiving an input signal.

3. The digital delay circuit of claim 2, in which each
of said inverters is connected in series with complemen-
tary first and second MOS control devices between a
voltage source and a reference potential, the gates of
said first and second MOS control devices respectively
receiving said first and second control voltages.

4. The digital delay circuit of claim 1, further com-
prising means for deriving the true and complement of
the clock signal, and gating means interposed intermedi-
ate said clock deriving means and said comparing means
for respectively receiving one of the true and comple-

ment clock signals and said delayed reference clock.
* % X % %
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